INTRODUCTION
We present edition VII of the linkage map of Salmonella typhimurium. We list a total of 750 genes; 680 of these are located on the linkage map, and the remaining 70 are not yet mapped, although mutant alleles are known. The first edition of the map (411) contained 133 genes. Later editions were published in 1967 (408) , 1970 (409) , 1972 (410) , 1978 (412) , and 1983 (418) .
All genes presently known to us are indicated in Table 1 , with formerly used gene symbols in Table 2 , but references presented in earlier editions of the map are not normally shown. Therefore, to find all relevant references to a gene, it may be necessary to check earlier editions of the map; where references were given in earlier editions, this edition is shown in Table 1 . In a recent summary of the cellular and molecular biology of Escherichia coli and S. typhimurium (346) , edition VI of the linkage map of S. typhirmurium is presented (413) , which contains most of the relevant references published up to and including edition VI.
THE LINKAGE MAP
The coordinate system used in early editions of the linkage map of S. typhimurium was determined by F-mediated (418) and in the linkage maps of E. coli (14) . The segmented line to the right of the gene symbol indicates that the genes are jointly transduced; the numbers to the right of the segmented line indicate the linear distance between genes. This linear distance was determined from the fragment ofjoint transduction and was calculated by assuming that the length of P22, KB1, and ES18 transducing fragments is 1 min, whereas that of P1 is 2 min, and applying the formula developed by Wu (520) to convert the percentage ofjoint transduction to map distance. The genetic symbols are defined in Table 1 . Parentheses around a gene symbol indicate that the location of the gene is known only approximately, usually from conjugation studies. An asterisk indicates that a gene has been mapped more precisely, usually by phage-mediated transduction, but that its position with respect to adjacent markers is not known. Arrows to the extreme right of genes and operons indicate the direction of mRNA transcription by these loci. Daggers are shown to the right of a few genes; these genes of S. typhimurium are carried on an F-prime factor, and this plasmid was shown to complement E. coli K-12 mutations of that gene; mutant alleles of S. typhimurium have not been tested directly. (413) list all major references up to 1983 in a single source. There are many papers in the summary of the cellular and molecular biology of E. coli and S. typhimurium (346) and E. coli to see whether a name has been published, and they are encouraged to contact the Salmonella Genetic Stock Centre (SGSC) to see whether an unpublished name is on record. Allele number assignment should also be obtained from the SGSC. It is important that all mutations be identified by a unique allele number, but it is especially important for transposon insertions in which the gene name, based on the z . . system proposed by Hong and Ames (208) and used in the strains in Table 3 , will change as the map location of the insertion is determined more exactly. It is also vital that strains be identified by a unique strain designation, which includes two or three capital letters (assigned by the SGSC to the laboratory) plus a number. The expanding use of the computer to keep records demands correct strain designations; suffixes and phenotypic designations after the strain designation to refer to derivatives of a strain are usually not accepted by the computer.
When possible, the same name should be used for homologous genes in related species such as E. coli and Salmonella spp. Many changes have been made in naming of genes in these organisms to bring them into correspondence, and each edition of the maps of both S. typhimurium and E. coli has seen such changes. A new system of naming the genes for flagellar synthesis and function, which recognizes the homology of these two genera, was proposed by lino et al. (222) and is adopted in this edition ( Table 1) . The gene for control of P22 lysogeny, named pox in edition VI, is changed to ply (control of phage lysogeny); poxA in edition VII, as in E. coli K-12 (14) , indicates the gene for pyruvate oxidase.
The chromosomal gene for fimbriae, or pili, is renamed fim. As in E. coli K-12, the F-pili will continue to be called pili.
Modifications of the Transduction Mapping Function
In the previous editions of the map, we discussed the Kemper (251) and Wu (520) functions for using transductional linkages to estimate physical distances; this is also discussed by Low (299) . The Wu method is clearly superior, since the method of Kemper ignores transduced fragments that end between the two markers used; this can lead to large errors when markers are widely separated. Both of these methods were developed with the assumption that the mutations used are point mutations and that the donor and recipient alleles do not differ significantly in size. This assumption is not valid when the donor marker is larger than the recipient marker, as would be the case when an insertion mutation is used as the donor marker or a deletion is used as recipient marker. These situations are now much more frequent with the use of transposons in genetic analysis. The excess size of the donor allele introduces material into the transduced fragment which (owing to lack of recipient homology) is not subject to recombination with the recipient chromosome; since transducing-fragment size is dictated by P22 packaging, inclusion of this nonparticipating donor material displaces sequences that could be used for recombination. Thus, use of donor markers of excess size necessitates modification of the Wu function. Since insertion elements of various sizes are used frequently in genetic analysis, we have modified the Wu function to accommodate such markers.
The Wu function, modified for use with donor markers larger than recipient alleles, is presented in Fig. 2 . In this function, m represents the excess size of the selected donor marker and n represents the excess size of the unselected donor marker. (For example, if the donor allele is a TnJO insertion and the recipient allele is a wild-type gene, m = 10 kb.) If the donor and recipient marker are the same size (differing by a point mutation) or if the donor marker is smaller than the recipient allele, no correction is necessary (m = 0, n = 0); the expression then reduces to the original function suggested by Wu. As is apparent in Fig. 2 ........................................................ ........................................................  aroC ...........................................................  aroD...........................................................  aroE ...........................................................  ars .............................................................  asc ........................................................ (208) , so insertions at 0 min are zaa, insertions at 1 min are zab, insertions at min 2 are zac, etc. The allele number of the mutation produced by the insertion does not change if the map position must be changed as data are refined, but the second two letters in the gene designation may be changed. Full genotypes of the strains are not described in the correction becomes largest when both donor and recipient markers exceed the size of normal alleles. The graphs of this function in Fig. 2 can be used to directly estimate the physical distance from cotransduction percentages obtained in several common situations.
Comparison of the Linkage Maps of S. typhimurium and E. coli K-12 Earlier comparisons of the linkage maps of S. triphimurium and E. coli K-12 (412, 418) , updated and extended recently (392) , continue to show striking overall similarity in the map order of genes. However, some differences have been found. A large inversion covering up to 15% of the chromosome, in the region of the trp gene, has occurred between the two genera. In addition, Riley and Krawiec (392) have noted regions of the E. coli and S. typhimurium genomes which seem, on the basis of comparisons of the linkage maps, to have either excess genetic segments or deletions with respect to one another. Their analysis indicated that the E. coli map has 14 excess segments (loops) not found in S. typhimurium and that S. typhimurium has 15 segments not found in E. coli. The hypothesis that these segments represent excess DNA in one genus or the other has not generally been confirmed by physical data, except in the region of the lac gene, which is present in E. coli but absent in S. typhimurium. In this case, loops of DNA, which carry argF, cod, lac, or phoA, are present in E. coli but missing from S. typhimurium, whereas newD and supQ are on a loop of S. typhimurium DNA (64, 277) .
In addition to the above, where genes are apparently present in one genus but not the other, in some cases genes having similar phenotypes are given the same name but are shown at very different locations in the two genera. These include the following: cod (cytosine deaminase), 69 min on the S. typhimurium map, 94 min in E. coli; pck (phosphoenolpyruvate carboxylase), 13 and 75 min, respectively; pheR (regulatory gene for pheA) 64 and 94 min, respectively; and fim (type I somatic fimbriae), 14 and 98 min, respectively. These examples may represent homologous genes at different map locations, nonhomologous genes with related and compensating functions, or genes that have been incorrectly mapped in one of the two genera. An apparent conflict of this type was resolved by Burns and Beacham (63) . They discovered that the ushA gene (for uridine diphosphate-sugar hydrolase) at 11 min in E. coli has a silent homolog at the same location in S. typhimurium, designated ushA°; S. typhimurium does not make the homologous enzyme. However, Salmonella spp. possess a functionally similar but substantially different, nonhomologous uridine diphosphatesugar hydrolase encoded by the ushB gene, which maps at 90 min in S. typhimurium. The ushB enzyme is membrane associated, has broader specificity, and is genetically and immunologically distinct from the ushA gene product of E. coli. It is not clear whether E. coli contains a gene which is homologous to ushB.
The genes for the pathway of isoleucine-valine biosynthesis provide another example of differences between the two genera. Valine inhibits isoleucine biosynthesis in E. coli VOL. 52, 1988 on October K-12 but not in S. typhimurium LT2. This results from the presence of different sets of acetohydroxy acid synthetase isozymes in the two organisms. S. typhimurium has two active acetohydroxy acid synthetase isozymes, the valinesensitive form (encoded by ilvBN) and the valine-resistant form (encoded by ilvGM). Isoleucine synthesis in E. coli is valine sensitive because only the two valine-sensitive isozymes, determined by the ilvBN and ilvHI operons, are expressed. Although wild-type strains of S. typhimurium LT2 and E. coli K-12 each fail to express an acetohydroxy acid synthetase enzyme found in the other genus, mutants which express the cryptic enzyme can be isolated (101, 451, 512) .
IS Elements in the Two Genera and Their Role in
Spontaneous Mutation The existence of insertion (IS) elements was initially detected by the occurrence of absolutely polar insertion mutations among spontaneous mutations of the gal operon of E. coli (239, 435) . A surprisingly large fraction (ca. 15%) of spontaneous mutations were due to transposition of elements already present in the genome of E. coli. Other selection systems also reveal that IS elements are an important contributor to spontaneous mutation in E. coli (434) . In Salmonella spp. the situation seems to be distinctly different. Insertion mutations have not been identified as a frequent subset of spontaneous mutants. In fact, to our knowledge, only one mutation caused by an endogenous insertion sequence (IS200) has been described in Salmonella spp., although transposition of this element to new sites has been observed by Southern hybridization (274) (275) (276) ).
An extensive (but unsuccessful) hunt for spontaneous insertion mutations in the his operon was recently completed (J. Casadesus and J. R. Roth, unpublished data). The selection method (salt tolerance of certain his constitutive mutants which are salt sensitive) detects insertions of TnS and TnJO in the his operon, and it allows survival of strains carrying the one known IS insertion mutant, hisD984::IS200.
No spontaneous insertions were recovered among several thousand spontaneous auxotrophs analyzed. The hunt included the use of strains in which IS200 was known to be present in 13 copies (LT2 has only 6 copies) and in which extensive transposition had been observed. We tried several growth conditions including anaerobic liquid cultures and long-term storage of strains in standard stab vials.
The differences between Salmonella spp. and E. coli may be important in understanding the natural distribution of IS elements and the role of these sequences in chromosome evolution. The standard E. coli IS elements (IS] to ISS), generally thought to be ubiquitous in enteric bacteria, are not present in Salmonella spp. (352, 429) . Conversely, IS200 is found in most Salmonella species but not in E. coli or several related enteric bacteria (274) (275) (276) .
Plasmid pSLT in S. typhimurium LT2
Because the plasmid content of strains of bacteria is often extremely variable, the plasmids are not normally considered part of the linkage map of the organism; usually only the bacterial chromosome is considered in discussions of genetic content. Wild-type S. typhimurium strains may carry plasmids of one or more of the Inc groups; these plasmids are not considered to be part of the genome. However, the original line of S. typhimurium LT2 contained a specific plasmid which could be considered part of the normal genotype. This plasmid has been called the "cryptic plasmid," the "virulence plasmid," MP10, pLT2, the 100-kb plasmid, or the 60-megadalton plasmid; we refer to it in this publication (and in reference 415) as pSLT, standing for Salmonella LT (having originally cleared the designation with the Plasmid Reference Center, Stanford University, Stanford Calif.).
The 60-megadalton plasmid pSLT was first recognized in S. typhimurium LT2 by Dowman and Meynell (113) . Investigators working with S. typhimurium LT2 must be aware of this plasmid. For two reasons, we are treating it as part of the genome. First, the plasmid is an almost invariable part of the genotype. It is carried by all the lines of LT2 which we have tested, except for the few strains from which it has been intentionally eliminated. This is true even though LT2 has been in culture for many years and has been subjected to innumerable single-colony isolations. In addition to stable maintenance in LT2, pSLT or a closely related plasmid is commonly found in independent S. typhimurium isolates. pSLT from S. typhimurium LT2 has a characteristic fingerprint when digested with restriction enzymes PstI and SmaI; a plasmid with this fingerprint was present in 67% of a set of wild-type S. typhimurium isolates representing most of the different bacteriophage types, but was found more commonly in veterinary than in human isolates (56) . It was not found in any of the 96 strains representative of other Salmonella serotypes, and thus it is serotype specific (56). Among wild-type strains of S. typhimurium, plasmids with molecular masses of 60 megadaltons (90 kb) were reported as common by Jones et al. (238) , who also suggested that they were similar to the plasmid of S. typhimurium LT2. Related plasmids were found in S. typhimurium and strains of other serotypes (374) . 
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The second argument for considering pSLT to be part of the normal genotype is that it influences the phenotype in several ways, and thus mutations in the plasmid may be confused with chromosomal mutations. The influence of pSLT on the phenotype of LT2 was first recognized by Smith et al. (444) , who noted that it encoded Fin' (fertility inhibition) properties. This Fin' property reduces the fertility of F+ and Hfr strains, but the fertility of S. typhimurium LT2 in F-mediated conjugation can be restored by methods described by Sanderson et al. (415) . In addition, defects affecting the membrane have been traced to mutations in pSLT. Sukupolvi et al. (472) isolated mutants of S. typhimurium LT2 with altered outer membrane permeability; these were placed in three classes called SS-A, SS-B, and SS-C (for supersensitive A, B, and C, respectively). The phenotype of the SS-A mutants was restored to normal by the traT gene product of the F factor or of R factor R6-5 (471). The SS-A gene has been cloned, and it produces a protein recognized by monoclonal anti-TraT antibodies (M. Rhen, S. Sukupolvi, J. Hackett, and D. O'Conner, personal communication). The gene producing the protein has been mapped on the plasmid of S. typhimurium; we are following the proposal of these authors in calling the gene traT by analogy with the traT gene of the F factor, and for convenience this gene is shown in Table 1 .
It has been shown that a related plasmid in wild-type strains of S. typhimurium is associated with virulence, adhesion, invasiveness, and resistance to serum (238, 496) . In a worldwide survey of Salmonella isolates, Helmuth et al. (181) found that a correlation between the presence of large plasmids and resistance to serum exists not only in S. typhimurium but also in S. enteriditis, S. dublin, and S. heidelberg. Restoration of resistance to serum can be mediated by a 1.0-kb cloned segment of the plasmid (16, 496; G. W. Jones, personal communication). A gene from the plasmid of a virulent strain of S. typhimurium was cloned on a 2.1-kb fragment and shown to express an 11-kilodalton protein that mediates serum resistance in both E. coli K-12 and a virulence-plasmid-free (serum-sensitive) strain of S. typhimurium (169, 170) . Gulig and Curtis (166) have confirmed a role for the plasmid in virulence, primarily in invasion of mesenteric lymph nodes and spleen after oral inoculation of mice, but they could not confirm an influence of the plasmid on phagocytosis and killing by macrophages or on sensitivity to serum. A plasmid of similar size in S. gallinarum also contributes to virulence (22) .
A detailed restriction map derived from the plasmid from S. typhimurium C5 has been published (324) . It indicates a physical map of 90 kb and restriction sites for HindIll, BamHI, and BgIII. Restriction maps of a related 80-kb plasmid from S. dublin have also been presented (26, 179) . In addition, numerous TnJO and Tn5 insertions into the plasmid have been isolated, and some of the genes from the plasmid have been cloned and analyzed. We hope that this component of the genotype can be reported in detail in the next edition of the linkage map of S. typhimurium.
We hope that correspondence among researchers with these plasmids will lead to the use of a standardized nomenclature. This nomenclature must take account of the fact that although the plasmids in lines of LT2 are for the most part identical, the apparently related plasmids in other wild-type, non-LT2 strains of S. typhimurium will not be identical to pSLT.
MATERIALS AND METHODS FOR GENETIC ANALYSIS
Below is a series of genetic methods and information relevant to genetic analysis of Salmonella spp. Most of these have appeared since the last edition of this map (418) ; several were mentioned previously but are now described in more detail. They indicate the range of materials and methods available for genetic analysis of this organism.
Advantages of Transposition-Defective Transposons Although transposons encoding drug resistance have been extremely valuable for genetic analysis and study of chromosomal rearrangements (422) (423) (424) , several problems with their use suggest that it is preferable to use derivatives that are defective for transposition. The chief problem derives from the fact that most of the elements in current use (e.g., Tn5 and TnJO) include IS sequences that are independently transposable (30, 436) . Thus, strains carrying a transposon accumulate secondary transpositions of the entire element and, more frequently, of the component IS sequences. The IS sequences are particularly troublesome; they transpose more frequently than the entire element and are most probably not noticed phenotypically, since they do not encode drug resistance. An additional problem with the complete transposons is the high frequency of adjacent deletion formation. Depending on the selection used, these can contribute significantly to the adjacent mutations isolated in local mutagenesis experiments. Disadvantages in deletion generation are described below.
To avoid the problems associated with active transposition, a series of defective transposons have been developed. These elements can transpose only if transposase function is provided by a plasmid or another element; once removed from this source of transposition function, the elements are stable and are not subject to further acts of transposition. Included among these defective elements are derivatives of TnJO that encode tetracycline resistance, TnlO dTc (505); kanamycin resistance, TnlO dKm (505); and chloramphenicol resistance, TnJO dCm (122a). Transposition-defective derivatives of TnS have also been constructed (122, 397) .
Transposition-defective derivatives of TnJO (TnlO dTc) have several advantages over the original TnJO element as a means of generating deletions affecting the chromosomal region adjacent to the insertion site. This method has been used extensively, since one can select for Tcs derivatives of the parent TnWO insertion mutant and then identify deletions among the survivors (38, 306) . Two disadvantages of using the original TnWO are as follows: (i) deletion endpoints are not randomly distributed, but tend to fall at hot spots that may coincide with preferential insertion sites for TnWO (350) It has now become standard practice to place a TnJO element near a gene of interest to facilitate the analysis. Such linked insertions are useful in local mutagenesis of the region, in determining its chromosomal map location, and perhaps in cloning the gene by using Tcr as a selective marker. Generally, insertions have been found by selecting or screening for an appropriate linked insertion from a pool of random TnJO insertions; typically, between 0.1 and 1% of the insertions in a large pool prove to be cotransducible by P22 with a particular chromosomal marker. The identified insertion must then be made phage free, transferred to a new genetic background to ensure purity, and mapped.
An improvement on this methodology has been devised by Kukral et al. (264) . They constructed a collection of 279 strains, each carrying one randomly placed insertion of TnWO dTc (3 kb). The random distribution of these insertions was ensured by their isolation method. First, a library of X clones of Salmonella DNA was constructed. For each of 279 A clones, one derivative was isolated that acquired a TnWO dTc transposition in the cloned fragment. Each of these insertions was then transferred by transductional recombination into the Salmonella chromosome, generating a series of 279 strains, each with one insertion. The random chromosomal distribution of these inserts is governed by the randomness of the X cloning procedure and is not disturbed by the tendency of TnWO to insert at hot spots.
This collection of strains has many applications. One can screen these strains, rather than a large pool of TnWO inserts, in search of insertions linked to a gene of interest; the vast majority of mutations tested are linked to at least one of the TnWO dTc insertions in the collection. The chromosomal map locations of many of these insertions are known (264) , and more data are accumulating. Therefore, there is a substantial and growing probability that by demonstrating cotransduction of a new mutation with one of these inserts, one can immediately learn the chromosomal map position of the new mutation.
Furthermore, the method by which these insertions were isolated provides a X clone corresponding to the chromosomal region of each of the TnWO dTc insertions. Thus, by demonstrating genetic linkage to an insertion in the collection, one identifies an available clone that carries the gene of interest or sequences very close to it.
The value of this collection increases in proportion to the number of people who use it and communicate their observations to the authors of the method. Therefore, we urge researchers to use this set of strains; they will be immediately useful, and data obtained with them will increase the value of this method. These strains can be obtained from the SGSC, University of Calgary, Calgary, Alberta, Canada.
A Collection of Transposon Insertions in the Chromosome
Summarizing the work of numerous investigators, Sanderson and Roth (418) and Berg and Berg (28) showed the map locations of many transposon insertions into the chromosome of S. typhimurium. Many of these strains, plus the strains in the TnWO set of Kukral et al. (264) , have been assembled at the SGSC. They are described in Table 3 The resulting strain is shifted to 42°C (to induce transposition) and simultaneously infected with P22 HT (high-frequency transducing) phage. Some of the transducing particles in the lysate formed carry plasmids which have received a mini-Mu d element by transposition. These plasmids can be identified by using the lysate to transduce a recipient selecting for both the antibiotic resistance encoded by the plasmid and the antibiotic resistance conferred by the miniMu d. These transductants can then be screened to identify those which have lost a phenotype associated with a gene in the cloned sequence. The mini-Mu d insertion mutation can frequently be introduced into the chromosome by transduction with the insertion-bearing plasmid as donor, using selection for only the mini-Mu d-encoded antibiotic resistance and screening the transductants for those which have lost the plasmid-encoded resistance.
A convenient method has been used to achieve transposition of the defective mini-Mu elements (described above) in Salmonella spp. (270) . The method is based on the use of a strain which carries a defective mini-Mu element Kmr and a transposition-proficient Mu dl element at closely linked sites in the his operon; in this strain the Mu dl prophage is oriented with its transposition function nearest to the miniMu prophage. When this strain is used as the donor in the transductions, selecting Kmr transduced fragments that include the Mini-Mu (Kmr) element frequently include the portion of the transposition functions of the adjacent Mu dl prophage. In such fragments, the transposase can act in cis to permit transposition of the defective mini-Mu element; the transposition functions are lost, since the fragment of the helper prophage can neither transpose nor recombine into the recipient chrotnosome. As a result, one lysate may be used as a reagent to mutagenize any recipient strain with mini-Mu insertions; each Kmr transductant inherits by transposition only one Mu d element and is left with no residual transposition functions. (As described below, this method should not be used in rec-deficient recipients, since a very high frequency of deletions will result.)
Deletion Generation by Mu d-lac Transposition
It is known that when phage Mu inserts, about 10% of the resulting lysogens carry deletions of target material (M. M. Howe and D. Zipser, Abstr. Annu. Meet. Am. Soc. Microbiol. 1974, V208, p. 235) . This phenomenon is also true for the Mu d-lac phages, and in this situation the formation of deletions can (in principle) be misleading to those studying the behavior of the resulting operon fusions. For example, imagine that you isolate a Trp-Mu d insertion and (unbeknownst to you) an associated deletion forms that removes the trp promoter, fusing the lacZ gene to an unrelated promoter. The regulatory behavior of the fusion might be incorrectly attributed to the trp control region, since the fusion was isolated as a simple Trp-auxotroph. Although this is only a hypothetical problem, we have found conditions under which the frequency of deletions is extremely high. The possibility of deletions should be kept in mind in interpreting the behavior of Mu d-generated fusions. This is particularly true under the conditions described below; here the phenomenon provides a potentially useful means of generating chromosomal deletions.
When a Mu d prophage of any type is introduced into a new genetic background by P22 transduction, the frequency of lysogens arising by transposition from the transduced fragment to the chromosome is greatly reduced in recipients that are recA, recB, or recC (216) . This is true whether the transposition functions are provided by the Mu d element itself, by a helper Mu genome, or by a plasmid present in the recipient cell. The lysogens that are found have a very high frequency of deletions associated with the inserted element. The reduction in lysogen frequency appears to be due to secondary transposition events (including deletions) that cause cell death. Apparently, these conditions delay repression, and the introduced element frequently transposes several times before lysogeny is established. This problem also applies to mini- The uses of Mu d-P22 are many and are likely to increase. The DNA sequences adjacent to the transposon site are sufficiently enriched in the lysate that DNA from such a lysate can be used directly for double-strand dideoxynucleotide sequencing. Furthermore, the transduction frequency for markers in this region is high enough that unselected transductions are possible. In essence, these lysates provide a DNA source approaching that expected of a X clone (if a A clone could include a 100-kb insert). A set of 300 Use of TnphoA in Salmonella spp. An extremely useful probe for genetic identification of proteins with signal sequences has been devised by Manoil and Beckwith (308, 309) . This probe is a derivative of transposon TnS that carries the gehe for alkaline phosphatase cloned near the outside end of IS5L; the cloned phoA gene lacks a translation initiation site and the signal sequence that is essential for its export and therefore for enzymatic activity. When TnphoA inserts, alkaline phosphatase activity is produced only if the insertion forms a protein fusion to a target gene which can provide signals for export of the phoA sequences. The transposon, TnphoA, has been used to determine which portions of a membrane protein are inside and which are outside the inner membrane of the cell.
In using TnphoA in Salmonella spp., there is some good news and some bad news. The good news is that Salmonella spp. lack alkaline phosphatase, and therefore one need not remove this activity before using TnphoA; the bad news is that the acid phosphatase of Salmonella spp., which is controlled by the phoN and phoP genes, is sufficiently active to make all strains score positive for the chromogenic phosphatase substrate, 5-bromo-4-chloro-3-indolyl phosphate, toluidine salt (X-P). Therefore, either a phoN or a phoP mutation must be introduced into Salmonella spp.
before the effects of TnphoA can be scored (N. Zhu, unpublished results).
The frequency of PhoA+ insertions of TnphoA is expected to be low, since the element must insert into a gene which (109) , and a cis-acting site, bom, on the plasmids to be mobilized (132) ; this site is deleted from pUC plasmids and pBR328, which cannot be mobilized.
A triparental mating involving a strain carrying pRK2013, a strain carrying pBR322 or pBR325, and a recipient strain results in mobilization of pBR322 or pBR325 onto the recipient strain, with no evidence of recombination with pRK2013 (L. Csonka, personal communication). Even transfer from E. coli to Salmonella spp. across the restriction barrier proved feasible.
Use of Coliphages in Salmonella spp. Phage lambda will infect and grow in Salmonella spp. once two problems are solved. First, X requires the lamB gene product of E. coli, which serves as the X receptor protein; second, the nusA protein of E. coli is required for the antitermination control of X. Solutions to these problems have been developed and improved (176) .
The most recent development is a plasmid constructed by Harkki et al. (175) . This plasmid includes a highly expressed lamB gene and the nusA gene of E. coli. The authors have demonstrated the efficacy of this plasmid by using lambdabased genetic methods to construct and clone an ompC::lac fusion in Salmonella spp.
Phage T4 can grow in Salmonella strains carrying a galE mutation (R. Meyers and S. Maloy, personal communication). This opens to Salmonella spp. the use of bacterial selection methods that are based on sensitivity or resistance to T4 mutants.
Generalized transduction by phage P1 can be done in S. typhimurium by using galE (galactose-epimerase defective) mutants; the wild-type strains with normal lipopolysaccharide do not adsorb the phage, but the galE mutants will do so (124) . galE mutants can be constructed by using P22-mediated transduction with TnWO transposons inserted close to galE or by selecting for resistance to Felix-O (FO) phage which adsorbs to normal lipopolysaccharide. P1 transduces a fragment of DNA considered equivalent to 2 min of chromosomal length, giving it-an advantage over P22, which transduces a fragment equivalent to 1 min.
Initiation signals for packaging analogous to the pac sequences of the generalized transducing phage P22 have been recognized on the chromosome of S. typhimurium.
These sites are involved in packaging chromosomal DNA into transducing particles. Chromosomal pac sites have been cloned and analyzed (425) (426) (427) 502) .
Transformation Methods Transformation of S. typhimurium with plasmid DNA by using CaCl2-treated cells was first described by Lederberg and Cohen (282) . MacLachlan and Sanderson (301) reported that by using modifications of the CaCl2 method they could obtain ca. 104 pBR322 transformants per pug of DNA with smooth strains, but up to 105 to b These strains are all available from SGSC.
The F-prime factors of E. coli were originally described by Low (298) . However, the location of the genes carried is given according to edition VII of the E.
coli map (14) in which the minutes have been modified.
d The temperature-sensitive mutation in F' tsll4 lac (225) , which makes the plasmid unable to replicate at high temperature, is linked by P22 transduction to the transposon insertion zzf-20::TnlO (constructed by Chumley et al. [86] ). The new F factors were made by transducing from an F-prime factor carrying both tsll4 and zzf-20::TnJO into the E. coli F factors. All isolates selected carried the transposon; some are temperature sensitive (carry the ts allele), whereas others are temperature resistant. Those which are temperature sensitive must be grown at 30°C to prevent loss of the plasmid or insertion of the plasmid into the chromosome.
of DNA with pBR322 in S. typhimurium (J. Binotto, P. R. MacLachlan, and K. E. Sanderson, unpublished data). Unlike CaCl2-dependent transformation, the lipopolysaccharide composition of the strain did not affect electrotransformation frequencies, since smooth and rough strains all gave approximately the same frequencies. The restriction barrier between E. coli and S. typhimurium dramatically reduces the frequency of CaCl2 transformation of pBR322 between the genera unless a restriction-deficient recipient strain is used (P. R. Machachlan and K. E. Sanderson, unpublished data), but electrotransformation of pBR322 DNA from E. coli to S. typhimurium was only slightly affected by the restriction barrier, although transformation of other plasmids was reduced 2 to 3 orders of magnitude by the barrier.
Even large plasmids such as cosmids in the 40-to 50-kb range isolated from E. coli can be electrotransformed into an S. typhimurium line. A cosmid library of ca. 500 clones derived by ligating S. typhimurium DNA into pHC79 has been constructed by E. Vimr and is maintained in E. coli K-12 cells (E. Vimr, unpublished data). This library is available from the SGSC. DNA from these clones can be transformed directly into S. typhimurium to detect plasmids able to complement Salmonella mutations.
F-Factor-Mediated Conjugation Methods The F factor of E. coli K-12 has been transmitted into S. typhimurium (534) and S. abony (305) . Hfr strains have been isolated and described (416, 417) . These Hfr strains, which have been used to construct the basic linkage maps and to map new genes, are available from the SGSC. Chumley et al. (86) have developed a system which permits the construction of an Hfr strain with an origin at any site of the chromosome at which a TnJO insertion has been isolated. This method requires the directed insertion of an F-prime tsll4 lac+ plasmid into the chromosome by homologous recombination between a TnlO sequence carried on the plasmid and a second TnlO sequence located on the chromosome. Methods for its use have been described (86, 416) . A list of S. typhimurium strains with transposon insertions, including TnJO, has been published (418) , and an expanded list is given in Table 3 ; these can be obtained from the original investigator or from the SGSC.
Methods for F-factor-mediated conjugation were described earlier (412, 416) . The frequency of formation of transconjugants in F-factor-mediated conjugation between S. typhimurium donor and recipient strains is the same as in crosses within E. coli K-12 if two barriers to mating are overcome. The first barrier to conjugation is due to repression of F-factor expression by the plasmid pSLT which is normally resident in all LT2 lines; this barrier reduces the number of cells with F pili and the frequency of transconjugants per donor cell by 100-to 1,000-fold. It is possible to overcome this barrier by using Hfr or F-prime plasmidcontaining strains which have lost pSLT or in which the F factor has mutations in the traO orfinP gene, making them insensitive to pSLT repression (415) . The second barrier to conjugation is due to the properties of the recipient strain. The 0 somatic side chains on the lipopolysaccharide of the wild-type (smooth) strains of S. typhimurium reduce the frequency of mating aggregation and of transconjugant formation, especially when mating is carried out in broth rather than on a solid surface such as agar or a membrane filter (119, 414) . The yield of transconjugants in broth mating is increased 20-fold for rough mutants which have lost the side chains of the lipopolysaccharide. Thus, F-prime factors which are derepressed for F-factor function will be transferred from S. typhimurium donor cells to rough recipient cells of S. typhimurium at a frequency of 1.0 transconjugant per donor cell (414) .
Some F-prime factors carrying Salmonella genetic material have been reported (34, 417) ; these strains are available from the SGSC. However, F-prime factors carrying S. typhimurium genes have not yet been isolated for all regions of the map of S. typhimurium, and so S. typhimurium strains carrying F-prime factors with E. coli genes have been used in a variety of studies (412) . Low-efficiency transfer of some E. coli F-prime factors is due mainly to restriction (hsd) barriers. This restriction can be reduced through the use of a recipient strain which is defective in host restriction; strains which are r-m+ for all three restriction systems, hsdL, hsdSA, and hsdSB (61), can be used as an intermediate recipient in this transfer. These strains, LB5000 and LB5010, can be obtained from the SGSC. Because of the lack of homology between the E. coli genes on the F-prime factor and the S. typhimurium chromosome, E. coli K-12 F-prime factors in S. typhimurium undergo relatively little chromosomal insertion and can be maintained as stable heterogenotes in Rec+ genetic backgrounds. A set of these F-prime factors carrying most of the chromosome of E. coli K-12 was reported by Sanderson and Hartman (412) , and most of these strains are maintained at the SGSC. More recently, Sheaks et al. (D. Sheaks, M. Haskell, and L. Csonka, personal communication) have modified some F-prime factors carrying E. coli genes by transducing transposons (TnJO or Tn5), which were previously transposed into the F factor, into a series of these F-prime factors in Salmonella spp.; this permits the maintenance and transfer of these plasmids by selection for Tcr or Kmr. These plasmids (Table 4) , which cover a large part of the E. coli chromosome, were provided by L. Csonka and are available from the SGSC. In addition, R-prime formation through the use of RP4::mini-Mu (500) has been used to isolate plasmids carrying genes of S. typhimurium (245) .
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